ABSTRACT
Introduction
Computerized human face recognition has been an active research area for recent years. It has many practical applications, such as bankcard identification, mug shots searching, access control, security monitoring and surveillance systems. Face recognition is used to identify one or more persons from still images or a video image sequence of a scene by comparing input images with faces stored in a database. In a face identification system, face features are extracted/coded off-line from the original images, and stored in the face feature database. In the identification stage, the same features are extracted from the input face, and the features of the input image are compared with the features of each model images in the database. In most systems, searching is the most computationally expensive operation due to the large number of images available in the database. Fast screening algorithms are prerequisite of identification systems. Takács [1] proposed a face matching and fast screening approach for large face databases. The similarity measure is conducted using a modified Hausdorff distance on edge maps of face images. 92% accuracy was achieved in their identification experiment. He argued that the process of face recognition might start at a much earlier stage and edge images could be used for fast screening of faces without the involvement of high-level cognitive functions.
As a fast screening technique, the computational efficiency is an important issue. This study proposes an efficient method for fast screening in large face databases using merit-based dominant points. It significantly reduces the computational complexity and the storage requirement. Experimental results demonstrate that the proposed approach is 28 times faster than that of the method in [1] with a cost of 1.74% accuracy degradation. Furthermore, the storage space is reduced to 18.5% of the existing method.
In Section 2, the dominant point detection together with a brief discussion on edge detection is presented. In Section 3, a new formulation of Hausdorff distance based on merit for dominant point matching is proposed. Encouraging experimental results are reported in Section 4. Finally, Section 5 contains concluding remarks.
dominant point detection
Edges are the most fundamental features of objects in the 3D world. The edges in an image reflect large local intensity changes that are caused by the geometrical structure of the object, the characteristics of surface reflectance of the object, and the viewing direction. Edge detection is an important technique in computer vision and pattern recognition systems since the edges usually correspond to some important properties of objects, such as object shape and boundary.
Edge extraction has been studied most extensively, and many reliable algorithms have been proposed and implemented. [2] [3] [4] [5] [6] are only a few examples from a large collection of algorithms that have been presented to the computer vision community. The continuing development of edge detectors is producing increasingly complex edge detection algorithms. However, the "increased sophistication is not producing a commensurate improvement in performance" [7] . M. D. Heath et al. [8, 9] had investigated the performance of different edge detectors. They compared the edge detectors based on experimental psychology and statistics, in which humans rated the outputs of low-level vision algorithms. One of their clear results was that "no one single edge detector was best overall; for any given image it is difficult to predict which edge detector will be best" [9] .
The proposed face matching method using dominant points as features does not rely on any specific edge detector. It is a general method that any edge detector can be used. In this study, an edge detector based on the algorithm of Nevatia [6] is used followed by a thinning process to generate one pixel wide edge curves. The dynamic two-strip algorithm (Dyn2S) [10] is utilized to detect dominant points, the points with high curvatures, on the facial edge curves. In the Dyn2S algorithm, a strip is fitted to the left and right of each point on the curve, and the points inside each strip are approximated as a straight line. The orientation and width of the strip are adjusted automatically. Longer and narrower strips are favored. The curvature of each point is computed as the angle subtended by its two strips. Then a measure of "merit" based on the strips' lengths and widths, and the angle between the strips is calculated. A local maximum detection process is applied to select points of high curvature. This merit provides an objective evaluation of the prominent strength of each point and will be used as a significance measure of the dominant point in the proposed modified Hausdorff distance measure. The results of applying these processes on human faces are illustrated in Figure 1 . 
Merit-based Hausdorff distance
The Hausdorff distance is a shape comparison metric based on binary images. It is a distance defined between two point sets. Unlike most shape comparison methods that build a point-to-point correspondence between a model and a test image, Hausdorff distance can be calculated without explicit point correspondence. Huttenlocher et al. [11] argued that the Hausdorff distance for binary image matching is more tolerant to perturbations in the locations of points than binary correlation techniques since it measures proximity rather than exact superposition. Here, we propose a new merit-based Hausdorff distance (MBHD) measure for dominant point matching instead of binary image matching. 
., } (representing a test image), the
Hausdorff distance is defined as
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and || m || is the Euclidean norm of the points 
where P is the number of points in M. The definition of the undirected MHD is the same as (1). The Hausdorff distance defined as (1) and (2) is very sensitive to outlier points. A few outlier points, even only a single one, can perturb the distance greatly, though the two objects might be very similar. The MHD can alleviate the sensitivity of the Hausdorff distance, which uses equation (1), to outlier points. In this paper, MBHD is employed to match dominant points rather than binary images. Dominant point representation demands much less storage requirement and thus is more computationally efficient than binary images. The merit value of each dominant point is taken into the computation of the distance. The directed MBHD is defined as min 1 
Experimental results
Two public available face databases were used in our fast screening experiments. The first face database In order to remove the influences of hair, neck, and other foreign objects such as shirt collars, the face matching process should be restricted to the personal identity area containing only the eyebrows, eyes, nose, mouth, and chin. For this purpose, the automatic profile location algorithm [15] was employed to detect the nose tip and chin points. The distance between these two points was used as a reference to normalize the image size, align the face position, and crop the facial area. For the frontal faces, the eye locations are detected for normalization, alignment, and cropping. The identification accuracy using the existing edge image (EI) method and the proposed dominant point (DP) method are tabulated in Table 1 . Their storage sizes are summarized in Table 2 . The proposed meritbased dominant point matching correctly identified 94.17% of the testing faces. This rate only dropped 1.74% from the 95.84% of the EI method. However, its average storage space significantly dropped 81.5%. The computational complexities of MHD and MBHD are both of the order O(PQ) for point sets of size P and Q. In other words, the computational time of MBHD is only 3.4% (=(18.5%)
2 ) of that of MHD. These results show that compared to the MHD method, the MBHD method only required 3.4% of the computational time and 18.5% of the storage space. The cost to the above benefits was only a 1.74% decrease in accuracy. 
(P+Q)log(max(P,Q))).
The second face database is from Purdue University [14] . For the details on the collection of the database, readers can refer to [19] . 224 images of 112 subjects were tested. The 112 images of 112 people taken in the first session were used as models while the other 112 images taken after two weeks were used as testing images. Note that this is a single model test. The experimental results are summarized in Figure  4 in terms of top N screening/identification. In the top 1 identification, the correct match is only counted when the best matched face from models is the identical face (i.e., the face image from the same person) of the input. In the top N screening, the correct match is counted when the identical face of the input is among the best N matched faces from models. It was found that the accuracy of the proposed DP matching is slightly lower than that of the EI matching (see Figure  4) . The DP approach correctly identified all the testing images using top 13 screening (i.e., screening the best 13/112=11.6% matches), while EI method correctly identified them using top 10 screening (i.e., screening the best 8.9% matches). The screening result of the DP approach, which could be used as candidates of another fine tuning matching process, increased by 2.7%. On the other hand, the computational time and the storage space of the DP approach were reduced to 3.7% (=(19.3%)
2 ) and 19.3% of those of EI, respectively (see Table 3 ). The MHD matching applied to dominant points was also tested and plotted in Figure 4 as a comparison reference. Note that the top 24 screening (i.e., screening the best 21.4% matches) is required by the MHD matching on dominant points to achieve 100% accuracy. 
Conclusion
Current face identification approaches require computer systems to search through large quantity of face feature sets in the database and pick the ones that best match the features of an unknown input face. In this paper, a fast screening method for large face database searching is proposed. The method utilizes dominant points instead of edge maps as features for similarity measurement. A new formulation of Hausdorff distance is designed for merit-based dominant point matching. The screening experiments demonstrated that compared to the existing edge image approach, the proposed merit-base dominant point approach only required 3.4% of the computational time and 18.5% of the storage space. The cost to the above benefits was only a 1.74% decrease in accuracy. These results indicate that the proposed face screening method significantly improves the computational speed and the storage economy. It provides a very efficient way for large face databases searching and screening.
